Retinitis pigmentosa (RP) refers to a diverse group of inherited retinal degenerative disorders with a combined prevalence of approximately 1 in 4000. Functionally, RP is characterized by impaired night vision, slowly progressive peripheral-to-central visual field loss, and, often, an eventual decline in visual acuity. Fundus features including retinal pigment epithelium (RPE) changes, blood vessel attenuation, cystoid macular edema, disc pallor, and peripheral bone--spicule development are seen in various stages of RP. In addition, there is a prominent transition zone (TZ) from relatively healthy central retina to more severely affected peripheral retina, which can now be directly visualized using optical coherence tomography (OCT).^[@i1552-5783-57-6-2428-b01]^ Of particular interest is the apparent correlation between measures of visual function and the integrity of the hyperreflective photoreceptor bands seen on OCT.^[@i1552-5783-57-6-2428-b02][@i1552-5783-57-6-2428-b03][@i1552-5783-57-6-2428-b04][@i1552-5783-57-6-2428-b05][@i1552-5783-57-6-2428-b06][@i1552-5783-57-6-2428-b07][@i1552-5783-57-6-2428-b08][@i1552-5783-57-6-2428-b09][@i1552-5783-57-6-2428-b10][@i1552-5783-57-6-2428-b11]--[@i1552-5783-57-6-2428-b12]^ Although this approach provides a general framework for assessing the structure--function relationship in RP, the limited lateral resolution of current OCT precludes direct cellular level examination of rod and cone structure. Undetectable subtle changes in photoreceptor structure may explain observed dissociations between visual function metrics and OCT findings in a number of retinal diseases.^[@i1552-5783-57-6-2428-b04],[@i1552-5783-57-6-2428-b13]^ In contrast, adaptive optics (AO) ophthalmoscopes enable noninvasive visualization of the photoreceptor mosaic with cellular resolution.^[@i1552-5783-57-6-2428-b14][@i1552-5783-57-6-2428-b15]--[@i1552-5783-57-6-2428-b16]^ It has been shown in a number of retinal conditions that significant photoreceptor disruption can be seen with AO imagery even when photoreceptor bands appear intact on OCT.^[@i1552-5783-57-6-2428-b17][@i1552-5783-57-6-2428-b18][@i1552-5783-57-6-2428-b19][@i1552-5783-57-6-2428-b20][@i1552-5783-57-6-2428-b21]--[@i1552-5783-57-6-2428-b22]^ Numerous groups have examined the cone mosaic in RP using flood-illuminated AO^[@i1552-5783-57-6-2428-b23],[@i1552-5783-57-6-2428-b24]^ and confocal AO scanning light ophthalmoscopy (AOSLO).^[@i1552-5783-57-6-2428-b25][@i1552-5783-57-6-2428-b26][@i1552-5783-57-6-2428-b27][@i1552-5783-57-6-2428-b28][@i1552-5783-57-6-2428-b29][@i1552-5783-57-6-2428-b30]--[@i1552-5783-57-6-2428-b31]^ In the presence of normal outer retinal architecture on OCT, foveal/parafoveal cone density in RP subjects can range from normal to severely decreased.^[@i1552-5783-57-6-2428-b25],[@i1552-5783-57-6-2428-b27],[@i1552-5783-57-6-2428-b28],[@i1552-5783-57-6-2428-b30],[@i1552-5783-57-6-2428-b31]^ Furthermore, visual function can remain within normal limits even when the cone mosaic is disrupted.^[@i1552-5783-57-6-2428-b21],[@i1552-5783-57-6-2428-b27]^ These findings further highlight the superior sensitivity of AO imaging tools for assessing rod and cone mosaic structure in RP.

However, visualization of photoreceptors on both flood-illuminated AO and confocal AOSLO is thought to rely on propagation and reflectance of an electromagnetic wave along the longitudinal axis of the photoreceptor (i.e., waveguiding), which depends on intact photoreceptor structure.^[@i1552-5783-57-6-2428-b32],[@i1552-5783-57-6-2428-b33]^ In retinal degenerations, photoreceptors undergo morphologic changes^[@i1552-5783-57-6-2428-b34][@i1552-5783-57-6-2428-b35][@i1552-5783-57-6-2428-b36]--[@i1552-5783-57-6-2428-b37]^ that disrupt normal waveguiding^[@i1552-5783-57-6-2428-b38]^; as a result, cones can have significantly altered reflective properties.^[@i1552-5783-57-6-2428-b18],[@i1552-5783-57-6-2428-b20],[@i1552-5783-57-6-2428-b25],[@i1552-5783-57-6-2428-b33],[@i1552-5783-57-6-2428-b39][@i1552-5783-57-6-2428-b40]--[@i1552-5783-57-6-2428-b41]^ Moreover, cone reflectivity fluctuates over time,^[@i1552-5783-57-6-2428-b42][@i1552-5783-57-6-2428-b43][@i1552-5783-57-6-2428-b44][@i1552-5783-57-6-2428-b45]--[@i1552-5783-57-6-2428-b46]^ and it has even been shown that cones with diminished reflectivity from a variety of retinal insults can spontaneously recover normal reflectivity.^[@i1552-5783-57-6-2428-b20],[@i1552-5783-57-6-2428-b33],[@i1552-5783-57-6-2428-b47]^ As such, the reliance on normal waveguiding for cone visualization presents an inherent confound in analyzing and interpreting confocal AOSLO or AO flood illumination images of the cone mosaic: decreased cone density could be due to altered cone reflectivity or true loss of cone cells.

Recently it has been shown that nonconfocal split-detector AOSLO (henceforth referred to as "split-detector") can resolve cone inner segments independent of whether a cone has normal reflectivity on confocal AOSLO.^[@i1552-5783-57-6-2428-b32]^ The ability to decouple cone visualization from their waveguide properties allows accurate assessment of remnant cone structure in retinal degenerations such as RP. Such measures may be important for identifying subjects most likely to benefit from emerging gene therapy treatments,^[@i1552-5783-57-6-2428-b48]^ as well as monitoring the therapeutic effect of any intervention.^[@i1552-5783-57-6-2428-b26]^ Of particular interest is the TZ in subjects with RP (including Usher syndrome). It has been posited that the TZ might represent a valuable model for understanding the longitudinal changes taking place at a given retinal location, providing insight into the natural history of the disease without necessarily examining the same retina over time.^[@i1552-5783-57-6-2428-b06]^ Here we sought to examine cone structure across the TZ in a group of subjects with RP using both confocal and split-detector AOSLO and correlated these findings to the appearance of the photoreceptor bands on OCT. This multimodal imaging approach provides a more complete picture of photoreceptor structure and may be useful in evaluating cone structure in other conditions with TZs, such as choroideremia and Stargardt disease.

Methods {#s2}
=======

Subjects and Clinical Phenotyping {#s2a}
---------------------------------

Research procedures followed the tenets of the Declaration of Helsinki. Informed written consent was obtained from all subjects after explanation of the nature and possible consequences of the study. The study protocol was approved by the institutional review board of the Medical College of Wisconsin. Subjects with clinically diagnosed RP and allied disorders were eligible for inclusion. After exclusion of subjects with inferior image quality due to corneal defects, media opacity, retinal edema, high refractive errors (greater than ±10 diopters \[D\]), 19 subjects were included in the study (11 with RP, 8 with Usher syndrome). One subject with autosomal recessive RP (ARRP) had unilateral disease (TC_0664). Two subjects with Usher syndrome were siblings (KS_1077 and JC_1088). Sixteen healthy subjects (11 male, 5 female; mean ± SD age = 27.3 ± 19.9 years; normal fundus appearance and no known ocular disease) were recruited as controls for the cone diameter measurements.

Best-corrected visual acuity (BCVA) was assessed in all subjects using a standardized Early Treatment of Diabetic Retinopathy Study (ETDRS) chart. Visual field was determined with an automated 10-2 Humphrey Visual Field Assessment (HVF; Carl Zeiss Meditec, Dublin, CA, USA). Axial length was measured using a Zeiss IOL Master (Carl Zeiss Meditec) to determine the micrometers per degree scale for each subject. Prior to all retinal imaging, the eye to be imaged was dilated and cyclopleged through topical application of phenylephrine hydrochloride (2.5%; Bausch & Lomb, Inc., Tampa, FL, USA) and tropicamide (1%; Akorn, Inc., Lake Forest, IL, USA). Fundus color photographs were taken in all subjects using a Zeiss VisuCam 200NM (Carl Zeiss Meditec) and/or an OPTOS Ultra-Widefield fundus camera (Optos plc, Dunfermline, Scotland, United Kingdom).

Genetic Testing and Predictions {#s2b}
-------------------------------

Whole blood samples were collected from 18 of 19 subjects and screened for known autosomal dominant RP (ADRP), ARRP, X-linked RP (XLRP), and Usher syndrome mutations. JC_1157 had independently sought genetic testing by Asper Laboratories (Asper Biotech, Tartu, Estonia), and the subject provided results at the time of imaging; thus, a new sample was not collected. Genetic testing for IE_0508 was performed at the John and Marcia Carver Nonprofit Genetic Testing Laboratory (University of Iowa, Ames, IA, USA); for KS_0588, at the National Ophthalmic Disease Genotyping and Phenotyping Network (eyeGENE, National Eye Institute, Bethesda, MD, USA); and for JC_1183, at Prevention Genetics (Prevention Genetics, Marshfield, WI, USA). Molecular genetic analysis for the 15 remaining subjects was performed at the Casey Eye Institute Molecular Diagnostics Laboratory (Oregon Health & Science University, Portland, OR, USA).

Amino acid changes due to gene mutations were determined using Mutation Taster, which is available in the public domain at <http://www.mutationtaster.org>. Likely pathogenicity of previously unreported mutations resulting in amino acid changes was determined using Sorting Intolerant From Tolerant (SIFT), Protein Variation Effect Analyzer (PROVEAN), and PolyPhen-2 analysis tools. SIFT 1.03 and PROVEAN 1.1.3 are available in the public domain at <http://provean.jcvi.org/index.php>. SIFT reports likely tolerability of mutations; results are considered tolerated if the tolerance index is \>0.05 and damaging if the tolerance index is ≤0.05. PROVEAN reports results as neutral or deleterious based on averaged δ alignment scores. Scores less than −2.5 were considered deleterious. PolyPhen-2 2.2.2 is available in the public domain at <http://genetics.bwh.harvard.edu/pph2>. PolyPhen-2 appraises mutations as benign, possibly damaging, or probably damaging based on the model\'s false-positive rate. PolyPhen-2 scores range between 0 (most probably benign) and 1 (most probably damaging). Cutoffs were 0.90 for possibly damaging and 0.95 for probably damaging.

Spectral-Domain Optical Coherence Tomography {#s2c}
--------------------------------------------

Volumetric images of the macula were obtained in both eyes in all subjects (Cirrus HD-OCT; Carl Zeiss Meditec). Volumes were nominally 6 × 6 mm and consisted of 128 B-scans (512 A-scans per B-scan). Retinal thickness was calculated automatically using the built-in macular analysis software (v. 5.0), which measures the difference between the inner limiting membrane (ILM) and RPE boundaries.

Additional high-resolution scans were acquired in all subjects (Bioptigen SD-OCT; Bioptigen, Research Triangle Park, NC, USA). High-density line scans (nominal scan length, 7 mm, 1000 A-scans per B-scan, 100 repeated B-scans) were acquired both horizontally and vertically through the foveal center. Line scans were registered and averaged to reduce speckle noise in the image as previously described.^[@i1552-5783-57-6-2428-b49]^ Volumetric scans, nominally 7 × 7 mm in size, consisted of 250 B-scans (700 A-scans per B-scan), with two volumes acquired for each subject (horizontal and vertical orientation). En face scans were generated from the horizontal volumes using previously described custom segmentation software.^[@i1552-5783-57-6-2428-b50]^

Analysis of Photoreceptor Bands on Spectral-Domain Optical Coherence Tomography Images {#s2d}
--------------------------------------------------------------------------------------

Longitudinal reflectivity profiles (LRPs) from the SD-OCT line scans were generated as previously described.^[@i1552-5783-57-6-2428-b22],[@i1552-5783-57-6-2428-b51],[@i1552-5783-57-6-2428-b52]^ Four layers were manually identified in resultant LRPs (external limiting membrane, ELM; ellipsoid zone, EZ; interdigitation zone, IZ; and the RPE/Bruch\'s membrane complex, RPE). Retinal areas where all four layers were visible as distinct peaks on the LRP were considered pre-TZ (normal) areas. The point at which the IZ peak disappeared was considered the beginning of the TZ, with the point at which the EZ peak disappeared considered the end of the TZ. Finally, the point at which the ELM peak merges with the RPE peak was considered the point at which the ELM and overlying inner retinal anatomy has collapsed onto the basement epithelium of the retina. The total width of the TZ, from nasal to temporal terminations and from superior to inferior terminations, was measured in all 19 subjects using the SD-OCT scans obtained horizontally and vertically through the fovea (for a total of 38 analyzed images). To compare TZ widths between subjects with RP and subjects with Usher syndrome, a two-tailed Mann-Whitney test was applied to both horizontal and vertical EZ widths.

Adaptive Optics Scanning Light Ophthalmoscopy {#s2e}
---------------------------------------------

All subjects were imaged using a previously described confocal AOSLO.^[@i1552-5783-57-6-2428-b14]^ In addition, 11 subjects were imaged using split-detector AOSLO.^[@i1552-5783-57-6-2428-b32]^ Retinal image sequences were obtained using a 775-, 790-, or 796-nm superluminescent diode, subtending variable square fields of view (1°, 1.25°, 1.5°, 1.75°, or 2.0°). In the 11 subjects undergoing both confocal and split-detector AOSLO imaging, the confocal and split-detector image sequences were acquired simultaneously and were in perfect spatial register with each other. Foveal locations were sampled by instructing the subject to fixate on the corners or edges of the scanning raster, whereas parafoveal locations were examined using an adjustable internal fixation target, extending out to 10° eccentricity in both the temporal and superior directions. Two orthogonal imaging axes are used to facilitate alignment with clinical images and to adjust for rotational offsets between AOSLO and other modalities. The temporal and superior axes were chosen because of availability of normative cone density data in these regions,^[@i1552-5783-57-6-2428-b53]^ and because (1) in our experience, the thinner retinal nerve fiber layer in the temporal direction provides for better imaging quality, whereas (2) imaging along the superior axis approaches the location of maximal rod density at approximately 12° superior eccentricity.^[@i1552-5783-57-6-2428-b54]^

To correct for distortions in the AOSLO retinal images due to the sinusoidal motion of the resonant optical scanner, distortion was first estimated from images of a Ronchi ruling. Image sequences (split-detector and/or confocal) were then resampled over a grid of equally spaced pixels. After "desinusoiding," the image sequences were manually inspected to identify reference frames with minimal distortion and maximal sharpness for subsequent registration using custom software.^[@i1552-5783-57-6-2428-b55]^ When image sequences from both confocal and split-detector modalities were available, the reference frames were chosen from only one modality. The remaining frames in that modality were then registered to that reference frame by dividing each of the remaining frames in the image sequence into strips and aligning each strip to the location in the reference frame that maximizes the normalized cross-correlation.^[@i1552-5783-57-6-2428-b55]^ The transforms from this registration process were then applied to corresponding image sequence acquired using the other modality. Once all frames were registered, a variable number of frames (∼50) with the highest normalized cross-correlation to the reference frame were averaged to increase signal-to-noise ratio (SNR) and generate a final image from each image sequence. The size of the AOSLO image was determined by scaling the predicted visual angle for an eye with an axial length of 24 mm (291 μm/deg)^[@i1552-5783-57-6-2428-b56]^ in proportion to the subject\'s measured axial length.

The AOSLO images were then manually assembled into a montage using Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA, USA). In some cases, minor distortions between overlapping frames were corrected manually with rotational transformations. Using Photoshop, the resultant confocal and split-detector montages for each subject were scaled and aligned with color fundus images, HVF deviation maps, and the SD-OCT en face images. The foveal center was identified manually in both horizontal and vertical SD-OCT line scans, defined as the deepest point of the anatomic foveal pit. The position of the SD-OCT line scans (passing through the anatomic fovea) was determined by manually inspecting individual B-scans within the SD-OCT volumes. The position of the matching B-scan was then marked on the corresponding en face image, enabling precise comparison between SD-OCT features and those in the AOSLO montages.

Foveal and Parafoveal Cone Density Measurements and Statistical Analysis {#s2f}
------------------------------------------------------------------------

For each subject, regions of interest (ROIs) used in cone counts were generated using a previously described method.^[@i1552-5783-57-6-2428-b57]^ Foveal cone counts were estimated as close as possible to the anatomic foveal pit, the location of which was mapped onto the AOSLO montage using methods described above. In 15 montages, cones at the exact foveal center were obscured by poor image quality, and cones were counted at the nearest possible eccentricity. The average eccentricity at which foveal cones were counted was 0.15°, and the maximum eccentricity was 0.27° in one outlying case. Parafoveal cones were imaged and counted at approximately 0.65° eccentricity by instructing the subject to fixate on the top right corner of the imaging raster.

Cones were identified over a 55 × 55-μm sampling area at foveal and parafoveal locations using a custom semiautomated software that located cones based on analysis of local intensity maxima.^[@i1552-5783-57-6-2428-b57]^ Non-waveguiding "dark" cones were not counted, and images were viewed on both linear and logarithmic scales to assist in identifying dimly reflecting cones. The count was then manually adjusted by a single observer (L.W.S.) who was masked to the clinical diagnosis (RP versus Usher syndrome) associated with the image. A final output in cones per square millimeter was calculated using the scaling factors described above. In each subject, the average of two measurements was taken at all locations. In two subjects, the measurements differed by more than 5% and a third tiebreaker measurement was taken. The outlier was discarded for purposes of analysis. Cone density measurements were compared with previously published normative values from nine healthy subjects.^[@i1552-5783-57-6-2428-b53]^ To assess significance, 1-way analysis of variance (ANOVA) tests were performed for both foveal and parafoveal cone densities to generate an overall *P* value. Post hoc Tukey-Kramer multiple comparisons tests were then performed to determine the following inter-cohort *P* values: normal versus RP, normal versus Usher, and RP versus Usher.

Transition Zone Cone Density Measurements {#s2g}
-----------------------------------------

Due to aberrant cone reflectivity on confocal imaging (see Introduction), it was necessary to count cones in the transition zone using split-detector AOSLO images. For each of the 11 subjects with split-detector images, six 55 × 55-μm ROIs along the temporal meridian were cropped from their AOSLO montages. The location of each ROI was selected to correspond to (1) the point of IZ dropout on the aligned SD-OCT, (2) at the point of EZ dropout, and (3--6) locations at 20%, 40%, 60%, and 80% of the distance between point 1 and point 2. Within each ROI, cones were manually identified by a single observer (L.W.S.) who was masked to the identity of the subject. Two measurements were taken per ROI and averaged. Measurements that differed by more than 5% triggered a third tiebreaker measurement, after which the outlier was discarded.

Because of varying degrees of pathology, actual temporal eccentricities for each ROI varied greatly between subjects. To normalize data across subjects, each cone density measurement was converted to a percentage of the cone density at the beginning of the TZ (defined as the point of IZ dropout) for that subject. Each ROI location was then converted to a percentage of the total distance between the start and end of the TZ for that subject; that is, the distance between the point of IZ dropout and the point of ELM-RPE merge.

Transition Zone Cone Diameter Measurements {#s2h}
------------------------------------------

The diameters of cone inner segments within the TZ were also measured using split-detector AOSLO images. For each subject, each of the following temporal eccentricities in the imaged eye was assessed for adequate image quality: 291, 435, 800, 1200, 1600, 2200, and 2800 μm (corresponding to ∼1°, 1.5°, 2.75°, 4.10°, 5.50°, 7.56°, and 9.62°). In regions where pathology had eliminated all discernible cone structure, ROIs were not selected. In eight subjects, resolution of cone inner segments with split-detector AOSLO at 291 μm was not possible. In one subject, split-detector imaging was not performed at 291, 435, or 800 μm. At each area deemed acceptable for cone diameter measurement, 0.5 × 0.5° ROIs were generated. The final sample sizes were as follows: *N* = 2 at 291 μm, *N* = 10 at 435 μm, *N* = 10 at 800 μm, *N* = 10 at 1200 μm, *N* = 8 at 1600 μm, *N* = 3 at 2200 μm, and *N* = 1 at 2800 μm.

For comparison, cone diameters were measured using split-detector AOSLO images at approximately 800, 1200, 1600, 2200, and 2800 μm temporal to the fovea in 16 healthy subjects. In normal subjects, tight foveal cone packing precluded resolution and measurement of cone inner segments at eccentricities less than 800 μm. In some normal subjects, certain eccentricities were unusable due to poor image quality. Thus, final sample sizes at each ROI were as follows: *N* = 12 at 800 μm, *N* = 16 at 1200 μm, *N* = 15 at 1600 μm, *N* = 16 at 2200 μm, and *N* = 15 at 2800 μm. For each subject, measurements were taken from one eye. In addition, normative data derived from previously published histologic studies^[@i1552-5783-57-6-2428-b32]^ were also used for comparison.

For the 16 healthy subjects and 11 subjects with RP or Usher syndrome, 10 inner segments were arbitrarily selected from each ROI and manually measured by a single observer (M.C.R.) using ImageJ.^[@i1552-5783-57-6-2428-b58]^ Each cell was measured twice using two orthogonal lines placed at the center of the cell, with the cell diameter recorded as the mean length of the two lines. The mean cell diameter at each eccentricity was calculated by averaging all cell diameters recorded at that eccentricity in all subjects at which that eccentricity was measured. Diameters at a given eccentricity were not binned by subject to preserve as much information as possible about both inter- and intrasubject variability. Similarly, an SD was calculated from the raw mean of all cell diameters at each eccentricity without binning by subject. Where mean cell diameters were available for both affected and healthy subjects, significance was assessed using the Student *t*-test for two independent means. Corresponding two-tailed *P* values were generated using the *t*-score, and degrees of freedom was calculated as independent samples.

Results {#s3}
=======

Subject Demographics and Clinical Data {#s3a}
--------------------------------------

A brief summary of subject demographics, clinical characteristics, and genetic profiles is provided in [Tables 1](#i1552-5783-57-6-2428-t01){ref-type="table"} and [2](#i1552-5783-57-6-2428-t02){ref-type="table"}, with a complete analysis of genetic results provided in [Supplementary Text S1](#i1552-5783-57-6-2428-s01){ref-type="supplementary-material"}. One subject, TC_0664, exhibited a unilateral case of ARRP. Genetic testing revealed two previously reported disease-causing mutations in *USH2A*: c.10939+44C \> T splice variant^[@i1552-5783-57-6-2428-b59]^ and c.5858C \> G; p.Ala1953Gly.^[@i1552-5783-57-6-2428-b60]^ Genetic testing of the subject\'s son revealed a heterozygous *USH2A* c.5858C \> G; p.Ala1953Gly mutation, consistent with the *USH2A* mutations in TC_0664 being in trans.

###### 

Characteristics and Foveal/Parafoveal Metrics of Subjects With RP

![](i1552-5783-57-6-2428-t01)

###### 

Characteristics and Foveal/Parafoveal Metrics of Subjects With Usher Syndrome

![](i1552-5783-57-6-2428-t02)

Classification of subjects with RP was based on clinical symptoms, inheritance pattern, and/or genotype. Mean BCVA for all subjects with RP was 0.98, which corresponds to approximately 20/20 vision (normal ≥ 0.8 or 20/25), and mean foveal sensitivity was 35 dB (normal ≥ 35). By subtype, mean BCVA was 1.25 for simplex RP, 0.56 for XLRP, 1.06 for ARRP, and 0.96 for ADRP. Mean foveal sensitivity was 30 dB for simplex RP, 32 dB for XLRP, 36 dB for ARRP, and 37 dB for ADRP. Five subjects were found to have one or more previously reported mutations, two were found to have one or more novel mutations, and the remaining four subjects had both novel and previously published/reported mutations ([Table 1](#i1552-5783-57-6-2428-t01){ref-type="table"}).

Classification of subjects with Usher syndrome was based on clinical symptoms, genotype, and/or age of onset. Mean BCVA for all subjects with Usher syndrome was 0.76, which corresponds to approximately 20/26 vision. Mean foveal sensitivity was 33.88 dB. By subtype, mean BCVA was 0.58 for Usher type I, 0.77 for Usher type II, 0.90 for Usher III, and 0.29 for suspected Usher; mean foveal sensitivity was 34 dB for Usher type I, 34.5 dB for Usher type II, 33 dB for Usher type III, and 27 for suspected Usher. Four subjects were found to have one or more previously published/reported mutations, two were found to have one or more novel mutations, and the remaining two subjects had both novel and previously published/reported mutations ([Table 2](#i1552-5783-57-6-2428-t02){ref-type="table"}).

Ellipsoid Zone Band Width From OCT {#s3b}
----------------------------------

Horizontal and vertical EZ widths were measured in all 19 subjects using SD-OCT images. All horizontal SD-OCT images are shown in [Supplementary Figure S1](#i1552-5783-57-6-2428-s02){ref-type="supplementary-material"}. Horizontal widths ranged from 1401 (KS_10175) to 4894 μm (JC_1088); vertical widths ranged from 1213 (KS_10175) to 4267 μm (TC_0664). In three subjects (TC_0644, KS_1077, and CK_10869), the EZ extended beyond the scanning window in at least one direction on SD-OCT scan. As such, determination of the extent of retained EZ was not possible for these three subjects. For all subjects in whom a complete EZ width could be measured, the mean horizontal EZ width was 2797 μm in RP and 3145 μm in Usher syndrome. The mean vertical EZ width was 2454 μm in RP and 2416 μm in Usher syndrome. Mann-Whitney tests determined no significant difference in EZ widths in RP versus Usher cohorts for either horizontal (*U* = 26 and *P* = 0.60, critical *U* = 12 at *P* ≤ 0.05) or vertical measurements (*U* = 33 and *P* = 0.88, critical *U* = 14 at *P* ≤ 0.05). These results are consistent with HVF results indicating no appreciable difference in visual field constriction between Usher and RP cohorts (data not shown).

Cone Structure in the TZ {#s3c}
------------------------

[Figure 1](#i1552-5783-57-6-2428-f01){ref-type="fig"} shows OCT and AO images of the TZ in a subject with RP and a normal subject for comparison. [Supplementary Figure S2](#i1552-5783-57-6-2428-s03){ref-type="supplementary-material"} shows OCT and AO images of the TZ in a subject with Usher syndrome. In both RP and Usher syndrome, confocal AOSLO within the TZ (defined as the region between the loss of the IZ peak to the loss of the EZ peak on LRP analysis) shows numerous cones that appear as dark gaps in the foveal cone mosaic. However, the TZ also contains cones with abnormal waveguiding profiles ([Figs. 1](#i1552-5783-57-6-2428-f01){ref-type="fig"}B~1~, 1C~1~, 1D~1~). Although pre-TZ cones typically appear as Gaussian spots on confocal AOSLO, cones in areas corresponding to IZ disruption often have an altered appearance (either a single dim spot or small clusters of bright spots). Although dark cones are increasingly common at greater eccentricities, there is no sharp distinction on confocal AOSLO between areas with and without an intact EZ band on SD-OCT. In addition, across the TZ ([Figs. 1](#i1552-5783-57-6-2428-f01){ref-type="fig"}A~1~--1D~1~), it is difficult to discern cone versus rod structure using confocal AOSLO imagery.

![Adaptive optics scanning light ophthalmoscopy confocal and split-detector imaging reveals morphologic changes in diseased photoreceptors corresponding to SD-OCT findings. Images from two subjects (DH_10161, ARRP; JC_10414, normal control) are presented here. (*Top*) Representative images acquired from the left eye of DH_10161, a subject with RP. Nasal is toward the left and temporal is toward the right. (**A**) Point of IZ termination (662 μm from the fovea in this subject), (**B**) representative area of the transition zone between IZ and EZ terminations (1036 μm from the fovea), (**C**) point of EZ termination (1618 μm from the fovea), and (**D**) the point of ELM termination (1994 μm from the fovea). The AO images in small panels below correspond to the four locations indicated by labeled *arrowheads* on the corresponding SD-OCT; *top panels* are confocal images, whereas *bottom panels* are split-detector images. Pretransition SD-OCT shows intact IZ and EZ bands (**A**). Confocal AOSLO (**A~1~**) shows non-waveguiding cones that correspond to relatively healthy-appearing cone inner segments on split-detector imaging (**A~2~**). Transition-zone SD-OCT (**B**) shows loss of IZ band and decay of EZ band, which corresponds to loss of the IZ peak and a smaller EZ peak on LRP. Confocal AOSLO (**B~1~**) shows aberrant cones that have lost their approximately Gaussian intensity profile and instead appear as small clusters of bright dots. Examination of the split detector image (**B~2~**) shows intact but enlarged cone inner segments. Past the point of EZ termination on SD-OCT corresponding to loss of EZ peak on LRP (**C**), confocal images (**C~1~**) show non-waveguiding cones, as well as indistinct signals that may correspond to debris, rods, or cones. However, examination of split detector images (**C~2~**) allows for distinction between debris/rods and enlarged remnant cone inner segments. Finally, past the point of ELM termination on SD-OCT corresponding to loss of the ELM peak on LRP (**D**), confocal images (**D~1~**) show uninterpretable signals that look very similar to the confocal images seen in **C~1~**. In contrast, split-detector images (**D~2~**) clearly show loss of nearly all remnant cone structure at this point. (*Bottom*) Representative images acquired from the left eye of JC_10414, a healthy subject. Nasal is toward the left and temporal is toward the right. Both SD-OCT and AO images are set to the same scale as the corresponding images of DH_10184, and the same retinal locations (662, 1036, 1618, and 1994 μm) are presented. Note intact IZ, EZ, and ELM bands on SD-OCT throughout imaged area, as well as punctate, reflective cones on confocal AOSLO imaging corresponding to distinct inner segments on split-detector AOSLO imaging. *Scale bars*: SD-OCT images = 100 μm; AOSLO images = 10 μm.](i1552-5783-57-6-2428-f01){#i1552-5783-57-6-2428-f01}

Although the confocal signal is generally uninterpretable throughout the TZ, split-detector AOSLO imaging allows unambiguous identification of cone inner segments. The remnant cone inner segments in the TZ were significantly enlarged compared with healthy controls at nearly all eccentricities sampled ([Fig. 2](#i1552-5783-57-6-2428-f02){ref-type="fig"}). In one case (DH_10161), rod inner segments located between enlarged cone inner segments could also be clearly visualized using the split-detector imaging at several locations within the TZ ([Fig. 3](#i1552-5783-57-6-2428-f03){ref-type="fig"}). The split-detector AOSLO images revealed remnant cone inner segment structure throughout the TZ in all subjects with no sharp distinction between the appearance of cone inner segments in areas corresponding to presence versus loss of the IZ band, nor presence versus loss of the EZ band on SD-OCT ([Figs. 1](#i1552-5783-57-6-2428-f01){ref-type="fig"}A~2~ versus 1B~2~ versus 1C~2~). Interestingly, cone inner segments persist past the point of EZ band dropout, although they become sparser with increasing eccentricity. By the point at which the ELM collapses onto the RPE, cone inner segments have generally disappeared altogether ([Fig. 1](#i1552-5783-57-6-2428-f01){ref-type="fig"}D~2~). We mapped cone density across the TZ for all 11 subjects ([Supplementary Figure S3](#i1552-5783-57-6-2428-s04){ref-type="supplementary-material"}), observing significant variability in the rate of falloff in cone density. For example, normalizing for differences in the absolute size of the TZ and eccentricity at which the TZ began in each subject, we examined the cone density at 40% of the distance across the TZ (relative to the TZ start) and found a 27.6%--62.6% decrease from cone density at TZ start. At 60% of the distance, we observed a 42.7%--70.2% decrease. When looking at the entire TZ, the slope of the cone density versus retinal eccentricity function was steeper than that expected based on normal topographical changes in the cone mosaic ([Supplementary Figure S3](#i1552-5783-57-6-2428-s04){ref-type="supplementary-material"}). Whether this is due to increased rod numbers in the perifovea accelerating cone loss or simply reflects the temporal progression of the condition is unclear. Regardless, it will be interesting to monitor these measurements over time to more accurately capture the rate of cone loss in RP and Usher syndrome.

![Cone diameters are significantly increased in the transition zones of subjects with RP and Usher syndrome**.** Cone diameters in micrometers in affected and healthy subjects are plotted against retinal location (temporal to the fovea). Mean cone diameters were manually measured using AOSLO split-detector images of 16 healthy subjects, 4 subjects with RP, and 4 subjects with Usher syndrome (see Methods for details). Intrasubject means, derived from 10 measurements at each eccentricity in a single subject, are presented as *open triangles* (RP) and *open squares* (Usher syndrome). Pooled intersubject means, derived from the pooled measurements at each eccentricity in all subjects, are represented by *filled diamonds* (RP and Usher) and *filled circles* (normal controls). Overlapping data points are displaced horizontally for easier visualization. *Error bars* denote 1 SD. Normal values at less than 500 μm (approximately 1.72°) eccentricity are measured from histologic samples^[@i1552-5783-57-6-2428-b32]^; due to small sample size, no SD is provided. Note that in three of seven cases at 800 μm (2.75°) eccentricity, five of eight cases at 1200 μm (4.10°) eccentricity, six of seven cases at 1600 μm (5.50°) eccentricity, and four of four cases at 2200 (7.56°) and 2800 μm (9.62°) eccentricity, RP and Usher syndrome intrasubject mean diameters are \>2 SDs greater than normal mean, and thus exceed the 95th percentile of normal cone diameter. At 800-, 1200-, 1600-, and 2200-μm eccentricities, where both normal intersubject mean cone diameters and affected intersubject mean cone diameters were available, mean cone diameter was significantly increased in RP and Usher syndrome (\* indicates *P* \< 0.001 using Student\'s *t*-test).](i1552-5783-57-6-2428-f02){#i1552-5783-57-6-2428-f02}

![Rods can be visualized and distinguished from cones with AOSLO split-detector imaging. Occasionally, we were able to resolve rod structure on split-detector imaging. These images were captured from the temporal parafovea of DH_10161. (**A**,**B**) Confocal and split-detector images of the same field of view at approximately 1570-μm eccentricity. (**C**,**D**) Similarly acquired images at approximately 1995-μm eccentricity. In the confocal modality (**A**,**C**), rods can appear indistinguishable from surrounding cone signals, particularly where cone reflectivity is no longer Gaussian. However, on split-detector imaging (**B**,**D**), the distinction between small rods and much larger cones can be easily made. *Scale bar*: 10 μm.](i1552-5783-57-6-2428-f03){#i1552-5783-57-6-2428-f03}

Foveal and Parafoveal Cone Density in Usher Syndrome Versus Retinitis Pigmentosa {#s3d}
--------------------------------------------------------------------------------

[Figures 4](#i1552-5783-57-6-2428-f04){ref-type="fig"} and [5](#i1552-5783-57-6-2428-f05){ref-type="fig"} show representative confocal AOSLO images of parafoveal cone mosaics from all subjects with RP and Usher syndrome, respectively. Individual cone density values measured from confocal AOSLO images are provided in [Tables 1](#i1552-5783-57-6-2428-t01){ref-type="table"} and [2](#i1552-5783-57-6-2428-t02){ref-type="table"}. Cone counts were pooled by diagnosis (RP versus Usher syndrome) to generate mean cone densities, SDs, and 95% confidence intervals (CIs), which were then compared with mean cone densities in healthy subjects published by Wilk et al.^[@i1552-5783-57-6-2428-b53]^

![Parafoveal cone mosaics in RP. Shown are 0.5 × 0.5° field of view images of parafoveal cone mosaics (approximately 0.65° eccentricity) in 1 healthy control (AD_10252) and 11 subjects with RP. Subjects are arranged in the same order as listed in [Table 1](#i1552-5783-57-6-2428-t01){ref-type="table"}: simplex RP (KS_10070), XLRP (JC_1183 and KS_10062), ARRP (TC_0664, DH_10161, and CK_10869), and ADRP (IE_0508, TC_1176, KS_10175, CK_10433, and KS_10510). *Scale bar*: 25 μm.](i1552-5783-57-6-2428-f04){#i1552-5783-57-6-2428-f04}

![Parafoveal cone mosaics in Usher syndrome. Shown are 0.5 × 0.5° field of view images of the parafoveal cone mosaics (approximately 0.65° eccentricity) in one healthy subject (AD_10252) and eight subjects with Usher syndrome. Subjects are arranged in the same order as listed in [Table 2](#i1552-5783-57-6-2428-t02){ref-type="table"}: Usher type I (JC_1157 and MP_10137), Usher type II (DW_0111, KS_0588, KS_10084, and JC_10158), and Usher type III (JC_1088 and KS_1077). Note relatively more irregular cone spacing, sparser cones, and increased numbers of dark (non-waveguiding) cones in these parafoveal images compared with those from patients with RP ([Figure 4](#i1552-5783-57-6-2428-f04){ref-type="fig"}). *Scale bar*: 25 μm.](i1552-5783-57-6-2428-f05){#i1552-5783-57-6-2428-f05}

As shown in [Figure 6](#i1552-5783-57-6-2428-f06){ref-type="fig"}, mean foveal cone density measured at a mean eccentricity of 0.15° was 100,901 cones/mm^2^ (95% CI, ±20,312 cones/mm^2^) in the subjects with RP. This is not significantly different (*P* \> 0.05) from normative values published by Wilk et al., who reported cone density at 43.5 μm (approximately 0.15°) eccentricity to be 115,087 cones/mm^2^ (95% CI, ±20,311 cones/mm^2^).^[@i1552-5783-57-6-2428-b53]^ In the subjects with Usher syndrome, mean foveal cone density was 69,305 cones/mm^2^ (95% CI, ±5656 cones/mm^2^; [Fig. 6](#i1552-5783-57-6-2428-f06){ref-type="fig"}), which was significantly reduced compared with both the normal (*P* \< 0.01) and RP groups (*P* = 0.05).

![Foveal and parafoveal cone density is significantly decreased in Usher syndrome. Shown are foveal and parafoveal cone densities for healthy subjects, subjects with RP, and subjects with Usher syndrome. Foveal cone densities were measured at 0.15° mean eccentricity, whereas parafoveal cone densities were measured at 0.65° mean eccentricity. *Error bars* denote 95% CIs. At foveal and parafoveal locations, cone density was significantly decreased in Usher syndrome compared with both healthy subjects (*P* \< 0.01, indicated by \*\*) and subjects with RP (*P* \< 0.05, indicated by \*). Subjects with RP, however, did not have a significantly decreased cone density foveally or parafoveally as compared with healthy subjects (*P* \> 0.05, indicated by ns).](i1552-5783-57-6-2428-f06){#i1552-5783-57-6-2428-f06}

Mean parafoveal cone densities measured at a mean eccentricity of 0.65° are also shown in [Figure 6](#i1552-5783-57-6-2428-f06){ref-type="fig"}. Subjects with RP had a mean density of 71,055 cones/mm^2^ (95% CI, ±11,701 cones/mm^2^), which was not significantly different from the normal value of 78,721 cones/mm^2^ (95% CI, ±21,795 cones/mm^2^; *P* = 0.05) For the subjects with Usher syndrome, the mean parafoveal cone density was 43,621 cones/mm^2^ (95% CI, ±4471 cones/mm^2^), which is significantly reduced compared with normal (*P* = 0.01) and RP (*P* = 0.05).

[Figure 7](#i1552-5783-57-6-2428-f07){ref-type="fig"} shows representative parafoveal images from two subjects with Usher syndrome type II. In confocal AOSLO images ([Figs. 7](#i1552-5783-57-6-2428-f07){ref-type="fig"}A, [7](#i1552-5783-57-6-2428-f07){ref-type="fig"}C), numerous cones appear dark, similar to those in [Figure 1](#i1552-5783-57-6-2428-f01){ref-type="fig"}. Arrowheads indicate a series of such dark cones. In contrast, split-detector AOSLO images reveal cone inner segments (small circular mounds in [Figs. 7](#i1552-5783-57-6-2428-f07){ref-type="fig"}B and [7](#i1552-5783-57-6-2428-f07){ref-type="fig"}D) at the same labeled locations, confirming the presence of remnant cone structure within the dark areas of the confocal AOSLO images.

![Non-waveguiding parafoveal cones with intact inner segments are visualized with the split-detector. Pictured here are confocal and split-detector images of 0.25 × 0.25° regions of the parafovea at approximately 0.65° in two subjects with Usher syndrome type II (KS_0588 and KS_10084). (**A**,**C**) Confocal AOSLO detects light waveguided through healthy cone photoreceptors, which typically appear as single brightly reflective spots. In contrast, cones with diseased outer segments or cones that are altogether absent appear dark in the parafovea. Several clusters of dark cones are indicated by *arrowheads*. The confocal modality cannot ascertain whether these cones merely have altered waveguiding or are altogether missing. (**B**,**D**) Split-detector AOSLO detects light scattered from cone inner segments and is thus able to differentiate between a cone with an altered outer segment and an entirely absent cone. The same clusters of cones in **A** and **B** are indicated by *arrowheads*. It is apparent that these cones, although non-waveguiding, still have remaining inner segment structure. *Scale bar*: 12.5 μm.](i1552-5783-57-6-2428-f07){#i1552-5783-57-6-2428-f07}

Foveal Cone Density and Visual Function Metrics {#s3e}
-----------------------------------------------

Best-corrected visual acuity from all subjects is plotted against their corresponding foveal cone density in [Figure 8](#i1552-5783-57-6-2428-f08){ref-type="fig"}A. Pearson\'s *r* values calculated for BCVA versus foveal cone density was 0.601 (*P* = 0.007), indicating a significant correlation. A logarithmic best-fit line was plotted using values from both subsets of subjects, which has an *R*^2^ value of 0.388, indicating moderate goodness-of-fit. Normal BCVA was defined as 20/25 and above (0.8 and above on the decimal scale) and is indicated by a horizontal dashed line in [Figure 8](#i1552-5783-57-6-2428-f08){ref-type="fig"}A. The plotted best-fit line crosses this threshold at 71,615 cones/mm^2^, which is reduced by 37.73% from mean normal foveal cone density.

![Visual function metrics correlated to foveal cone density. Subjects with RP are represented by *squares*, whereas subjects with Usher syndrome are represented by *triangles*. (**A**) Best-corrected visual acuity as a function of foveal cone density. Best-corrected visual acuity measured by ETDRS and converted to decimal notation is plotted as a function of cone density measured at approximately 0°--0.2° eccentricity. Pearson\'s correlation, *r* = 0.601 (*P* = 0.006). A least-squares logarithmic regression curve was generated (*R*^2^ = 0.388). *Horizontal dashed line* represents nominally normal visual acuity, 20/25 (0.8), and above. (**B**) Foveal sensitivity (dB) as a function of foveal cone density. Foveal sensitivity measured by Humphrey 10-2 automated visual field testing is plotted as a function of cone density measured at approximately 0°--0.20° eccentricity. Pearson\'s correlation, *r* = 0.520 (*P* = 0.023). A least-squares logarithmic regression curve was generated (*R*^2^ = 0.292). *Horizontal dashed line* represents nominally normal foveal sensitivity, 35 dB and above. *Vertical dashed lines* represent the lowest normal foveal cone density previously reported in the literature^[@i1552-5783-57-6-2428-b53]^: 84,733 cones/mm^2^.](i1552-5783-57-6-2428-f08){#i1552-5783-57-6-2428-f08}

Pearson\'s *r* values calculated for foveal sensitivity versus foveal cone density was 0.520 (*P* = 0.023), indicating a significant correlation. A best-fit logarithmic line plotted using values from all subjects has an *R*^2^ value of 0.292, indicating modest goodness-of-fit. Normal foveal sensitivity is defined as 35 dB and above and is indicated by a horizontal dashed line in [Figure 8](#i1552-5783-57-6-2428-f08){ref-type="fig"}B. The plotted best-fit curve crosses this threshold at 90,859 cones/mm^2^, which is reduced by 20.99% from normal foveal cone density. This suggests that foveal sensitivity may be a more sensitive measure of disease severity than visual acuity.

Discussion {#s4}
==========

Owing to the emergence of high-resolution retinal imaging tools, there has been increased interest in examining retinal anatomy in RP and allied disorders. Previous groups have reported increased cone spacing and/or decreased cone density in subjects with RP.^[@i1552-5783-57-6-2428-b21],[@i1552-5783-57-6-2428-b24][@i1552-5783-57-6-2428-b25][@i1552-5783-57-6-2428-b26]--[@i1552-5783-57-6-2428-b27],[@i1552-5783-57-6-2428-b29][@i1552-5783-57-6-2428-b30]--[@i1552-5783-57-6-2428-b31]^ In our cohort, we found a small but statistically insignificant decrease in the density of waveguiding foveal cones in RP. In contrast, a significant decrease in foveal cone density was seen in subjects with Usher syndrome. We also showed that the reduced density in Usher syndrome was a result of a reduced number of normal waveguiding cones, as the dark regions in the image often contained remnant inner segment structure. These findings may be explained by the different molecular pathways involved in RP versus Usher syndrome: for example, changes in outer segment proteins may not impact cone waveguiding as much as proteins localized to the connecting cilium. However, due to sample size limitations, we were unable to correlate foveal cone densities with potential confounds such as subject age, length of disease, and/or genotype. Future studies addressing these subgroups would add valuable information. Regardless of the origin of these observed differences, they illustrate that caution should be used in interpreting confocal AOSLO images to infer the number of residual cone photoreceptors in subjects with active retinal degeneration.

The observed reductions in foveal cone density were frequently "subclinical," as cone density in RP and Usher syndrome could be reduced by nearly 38% from normal before BCVA declined to clinically abnormal ranges (20/25 or less). This finding agrees with previous work demonstrating significant differences in foveal cone mosaics of RP-affected subjects even in the setting of normal visual acuity.^[@i1552-5783-57-6-2428-b21],[@i1552-5783-57-6-2428-b27]^ However, waveguiding foveal cone density was found to significantly correlate with visual function throughout both normal and abnormal ranges of BCVA and foveal sensitivity. This correlation of foveal photoreceptor anatomy on AOSLO to measures of visual function despite no visible foveal change on SD-OCT is particularly interesting in light of previous studies showing abnormal functional metrics despite normal-appearing retinal anatomy on OCT.^[@i1552-5783-57-6-2428-b04],[@i1552-5783-57-6-2428-b13]^ Taken together, these findings speak to the emerging role of AOSLO in detecting changes in photoreceptor structure that are not detectable with standard clinical tools.

Additionally, the correlation of foveal waveguiding cone density to visual acuity raises the interesting question of whether waveguiding reflectivity in cones can be used as an implicit measure of function. Recent work addressing the issue used AO microperimetry to test the perceptual thresholds of single cones in healthy subjects and noted no significant decrease in sensitivity of poorly reflective cones.^[@i1552-5783-57-6-2428-b47]^ This suggests that cone reflectivity, at least in healthy subjects, may be unrelated to function. In disease, this is not necessarily the case. Makous et al. used AO microperimetry to show a 28% decrease in sensitivity in a retina with approximately 30% loss of normal waveguiding cones.^[@i1552-5783-57-6-2428-b61]^ Additionally, a number of reports have documented diminished cone reflectivity on confocal AOSLO in patients with clinically reduced visual function,^[@i1552-5783-57-6-2428-b18],[@i1552-5783-57-6-2428-b20],[@i1552-5783-57-6-2428-b25],[@i1552-5783-57-6-2428-b33],[@i1552-5783-57-6-2428-b39][@i1552-5783-57-6-2428-b40]--[@i1552-5783-57-6-2428-b41]^ and one case noted recovery of normal reflectivity with concurrent functional improvement.^[@i1552-5783-57-6-2428-b33]^ Despite this, the ability to infer cone function from reflectivity is confounded by the fact that cones can spontaneously recover normal reflectivity without documented change in function^[@i1552-5783-57-6-2428-b20],[@i1552-5783-57-6-2428-b62]^ and that cone reflectivity can vary over time in RP and allied disorders ([Supplementary Figure S4](#i1552-5783-57-6-2428-s05){ref-type="supplementary-material"}). In the future, applying AOSLO microperimetry technology to individuals with retinal disease may help resolve the functional status of cones with altered waveguide properties.

The integrity of the EZ (or IS/OS) has received substantial attention within RP studies, specifically concerning the extent of retained/intact EZ in the central retina (i.e., "EZ width"). This is due in part to the relative ease of determining the presence or absence of the EZ, the general good correspondence between the edge of cone-driven visual field sensitivity, and the EZ contour,^[@i1552-5783-57-6-2428-b06]^ as well as the excellent reliability of the measurement.^[@i1552-5783-57-6-2428-b63]^ As such, EZ width has been proposed as a possible anatomical end point for RP clinical trials.^[@i1552-5783-57-6-2428-b63],[@i1552-5783-57-6-2428-b64]^ However, as shown here, the integrity of the EZ by itself cannot be used to discriminate between rod and cone photoreceptor structure, at least with the resolution offered by existing OCTs. Using confocal AOSLO, we observed significant disruption of the cone mosaic in areas of an intact EZ, although there was relatively good correspondence between the disruption of the IZ band and disruption of the cone mosaic, consistent with previous results showing that confocal reflectivity corresponds closely to IZ band integrity.^[@i1552-5783-57-6-2428-b50],[@i1552-5783-57-6-2428-b65]^ In addition, we documented remnant cone inner segment structure with split-detector AOSLO beyond the point of EZ termination: in fact, inner segments were observed until the point of ELM collapse. Recent work in patients with macular telangiectasia type 2 has shown that EZ (or IS/OS) layer intensity can spontaneously recover in areas underlying a preserved ELM.^[@i1552-5783-57-6-2428-b62]^ Although EZ width may in fact allow accurate tracking of disease progression in RP, the extent of preserved ELM may be a better predictor of the extent of cone recovery that might be possible in these patients with therapeutic intervention.

Although confocal AOSLO has been a remarkable tool for examining cone photoreceptor structure in RP and other conditions, the present study highlights a significant limitation for interpreting such images. This is due to its inherent reliance on intact cone morphology to facilitate proper waveguiding of incident light used for imaging. The complementary split-detector modality provides a method of unambiguously identifying cone inner segments even in advanced disease states, allowing for a better understanding of photoreceptor structure in RP and Usher syndrome. Indeed, the mean diameters of cone inner segments were increased throughout the TZs of our subjects, consistent with alterations in photoreceptor morphology that disrupt cone waveguiding.^[@i1552-5783-57-6-2428-b38],[@i1552-5783-57-6-2428-b66],[@i1552-5783-57-6-2428-b67]^ In addition, split-detector images allows for more accurate measurements of cone mosaic density, geometry, and inner segment diameter. Current cone identification tools take advantage of the expected Gaussian profile of cones seen in confocal AOSLO imagery,^[@i1552-5783-57-6-2428-b57],[@i1552-5783-57-6-2428-b68],[@i1552-5783-57-6-2428-b69]^ which becomes problematic in the parafoveal/perifoveal retina where the multimodal reflectivity profile from a single cone can resemble a small cluster of rods. Such altered reflectivity profiles would degrade the accuracy of existing image analysis tools. Despite these limitations, confocal AOSLO allows better resolution of foveal cones and rods than split detection. Thus, it should be stressed that these AOSLO modalities are complementary and not competing. In fact, by combining split-detector and confocal modalities, it is possible to disambiguate whether a cone is absent, present but non-waveguiding, present but aberrantly waveguiding, or grossly normal. This ability to reliably discriminate between a diseased cone and an absent cone may become increasingly important in the context of utilizing AOSLO for longitudinal monitoring of photoreceptor structure in subjects receiving experimental treatments for their retinal degeneration. It will be important to incorporate AO-based functional measurements^[@i1552-5783-57-6-2428-b47]^ with these structural measurements to provide a more comprehensive picture of cone health in these retinas.
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